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I. SYNOPSIS

Excessive deformations of a reinforced concrete floor
slab in the San Jose State College Library initiated an lnvesti-
gation of the size and placement of reinforcing steel in that
floor by the Division of Architecture.

The Materiasls and Research Department was requested to
x-ray selected areas of the floor using the "Double Exposure Tech-
nique" in order to determine the depth of the bars by triangulation.
Techniclans of the Materials and Research Department made 6l x-ray
exposures and 286 plctures of the floor to locate 369 #6 reinforc-
ing bars.

Following this operation, 5 concrete test cores were
removed from the floor and 7 reinforcing bars were uncovered. The
result of the coring operatlon was reported to you by memo dated
January 1l, 1958, The positions of these bars indlcated the bar
depths as calculated from the x-rays were accurate to * 0.3 inch.
Allowing for this error, 96 of the 369 bars are positioned outslde
the construction tolerancs.
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IT. TNTRODUCTION

Problem

The excessive deflection of concrete floor slabs at the
San Jose State College Library prompted the Diviasion of Architecture
to initiate an investigation as to the cause. Consequently, it was
degsired to determine non-destructively the size and locatlion of the
reinforcing bar within the floor. To thls end, engineers from the
Division of Architecture studied the feasibility of x-~ray inspec-
tion of the floor.

History

About October 18, 1957, the Division of Architecture
requested a trial use of x-rays to locate by triangulation and
determine the size of reinforcing steel in a concrete floor.
Appropriate test pieces of concrete wers prepared and successfully
x-rayed to confirm the technique. Accordingly, the Division of
Architecture requested x-ray inspection of the third floor slab
of the San Jose State College Library, and on Qctober 24, 1957,
the work was initiated. Subsequently about llj linear feet of
floor were x-rayed on November 10 and 11, 1957, (films 1 through 31).

The bar sizes and positlions were calculated from the
radiographs in the week afterward. The data showed several bars
to be out of position. (This was later attributed to a field
error). This material was relayed to the Division of Architecture
on November 27, 1957; and, on the basis of the information 1t con-
tained, they asked the Materials and Research Department to make
extensive additional x-rays of the floor and to core the slab as
a check agalnst the radliographs.

One hundred sixty-one linear feet of additional x-ray
pictures were taken on December 22, 23, and 29, 30, and 31 (films
32 through 129 and 162 through 175) and 5 cores were cut from the
floor on January 2 and 3, 1958, exposing 7 bars. (See Exhibit L.)
Other than the error mentioned previously, the observed positions
of these bars indicated that the accuracy of the x-ray method of
determining the depth of the reinforocing bar in the slab was
about ¥ 0.3 inch.
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ITI. PROCEDURE

Equipment

) The following 1s a 1list of the minimum personnel,
materials, and equipment necessary to make these x-rays and the
calculations therefrom:

1. Two technicians.

2. 13 man-hours of layout time in setting up
tube=-film positions on floor.

3. 1L mem-hours of x=-ray tube operating time
at 175 kv and 8 ma (0.5 - 1.0% of probable
tube 1life) using a sultable portable x-ray
tube, control, and power source.

. 29 man~hours of tube handling time {shut
down time between exposures is approximately
equal to exposure time bscause of cooling
requirements of the tube).

5. 18 man-hours of darkroom time and a portable
darkroom (actual handling time was governed
by actual tube handling time on this job).

6. 286 sheets of x-ray film (43" x 17") and 15
gallons of photographic chemical solutions
(300 sheets film actually used).

7. 110 man-hours of time in Inspecting and
interpreting the resulting x-ray film and
performing calculations from the data
obtained.

8. 0.8 man-hours per linear foot of floor
examined. 1.2 man-hours per palr of film.

Travel time has not been accounted for in the figures
above. A minimum of 4O man-hours of travel time were necessary
for this work,

Technique

The method employed in using radlography to determine the
depth of reinforcing bars in the concrete floor involved a gimple
but tedious system commonly called the "Double Exposure Technique'.
Similar to Stereo, this method involves making two exposures of
exactly the same portlon of the floor with the x-ray tube in a
different position for each exposure. The image of a given rein-
forcing bar will be positioned differently on each film. The

CIThPDF
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I image shift (Z) 1s measured from the two films. The distance
between the tube positions (L) is known, as 1s the distance from
the tube to the film plane (H). The distance from the film plane
to the reinforcing bar (h) 1s calculated from the formula:

h = HZ
L+ 2

This may be further clarlified by use of a simple geometry
as shown 1n Exhibit 1.

In order to execute this scheme, the x-ray tube was
placed on the second floor and the x-ray beam was projected upward
through the third floor. The cassettes were placed on the surface
of the third floor.

The x-ray tube traverse was directly underneath the line
of f£ilm shown in Exhibit L with tube positlions or stations as
shown in Exhibit 5, Sheets 1 through 16.

It was found unnecessary to remove anything in the false
celling.

At the start of the job, various combinations of tube and
film positions were tried in an effort to get maximum coverage in
minimuom time; hence, the various values for (L) (see Exhibit 5,
Sheets 1 through 3). Later the value of 863" or 5 cassette lengths
was used constantly because this nearly always provided optimum
speed and negative readability, and, by standardizing, 1t reduced
the probablility of field errors such as described later 1n the
report. (See Exhibit 5, Sheets L through 16.)

It was necessary to place some reference marker on the
£film side of the object being x-rayed in order to determlne the
shift of the bar image in the film. Initially, the reference
markers were taped to the floor randomly about 17 3/8 inches apart
along the film line and under one end of the film, and the total
length of film was measured. (See Exhibit 5.) This resulted in
difficulty of caleculation when bar images were between gsuccessive
sets of plctures. From film set No. 32 on, the markers were
placed and taped exactly 17% inches apart, and the fllm was
centered over the markers (see Exhibit 5, Sheets L through 16).
Lead markers were alsc baped to the floor at princlple center-
lines to provide tile-ins on the film. Another marker was taped
to the underside of the floor, and this was used to check the
thickness of the floor (see Exhibit 5, Sheet 3).

Both F and K film were used with calcium tungstate screens
and an exposure of 8 minutes for the X film and 15 minutes for the
¥ film. The total time involved in processing one film, from loading
in the cassette to the end of the fixing bath, was about 110 minutes;
several sets of film were exposed and developed simultaneously.
The films were humbered consecutively in the order taken from film
set No. 1 to film set No. 129 and from film set No. 162 to film

set No. 175.
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The position these films occupy on the floor is shown in
Exhibit 1. From film set No. 32 onward the numbers and positions
of the fllm and the positions of the x-ray tube were actually marked
on the floor one to two weeks before the films were taken. In
tabulating the results, the bars revealed by the x-rays were num-
bered consecutlively in the direction of progression of the film,
starting with 1A to 81A on film sets Nos. 1 through 31 and restart-
ing with 1 to 305 on film sets Nos. 32 to 129, and Nos. 162 to 175.

Followlng the x-ray operation, five concrete cores were
cut from the floor. (These have been reported on separately.) Of
these five cores, three were made adjacent to, or through, a
position where a line of x-ray pictures was taken. Seven rein-
foreing bars were exposed by this operation, and the observed
position of these bars, as compared to the position calculated
from x-rays, is tabulated in Exhibits 6 and 7.

The field error was indicated by a complete lack of cor-
relation between the calculated and the observed position of bar
No. 55A in the first core. The depth as originally calculated was
3.37 inches, whereas the observed depth was .87 inches. This is
attributed to an error in recording the x-ray tube placement while
making the initial x-rays of the floor. Recalculation after re-
examination of the film sets has proven this. More extensive
preparation and experience reduced the probability of the recurrence
of such errors on the later x-rays.

CirPDF
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IV, DISCUSSION

Treatment of Data

The distance (H) from the plane of the x-ray tube traverse
to the plane of the film was determined by subtracting the helght of
the x-ray tube focal spot above the second floor (with the tube case
resting on the floor), from the distance between the second floor to
the third floor, as determined from the bullding plans.

Corrections 1n (H) because of floor sag and irregular
floor spacing were considered unnecessary since an error as great
as 2 inches in (H) would result in an error of only 1.4% in the
calculated bar depth.

The net distance (H) thus determined was 1hil inches for
negatives 1 through 31 and 140.75 inches for negatives 32 through
129 and 162 through 175. This small difference in (H) 1s due %o
resting the tube in a low cradle to facilitate handling.

In recording the data taken from the film, the distance
from the marker image to the bar image was recorded as D, when
measured from the first film taken in the line of progression, and
Dy, when measured from the second exposure of the same area. When
the bar image was shead of the marker image in the direction of
progression, the distance was considered positive, and vice versa
when it was behind the marker. In addition, some small compensa-
tion had to be made for a shift in the marker image since the
marker was the distance of half & cassette thickness (5/32") away
from the film. In accordance with formula {ply), this shift was
about 1/16 or 0,06 inches for all the ranges of (L) used on this
job (see Exhibit 2).

Thus we have:
ZzDa"Db+0006

In order to determine the depth of the bar in the slab
(4), the calculated distance (h) from the bar to the film plane
was corrected to compensate for the distance from the film to the
top of the slab. This difference of about 5/16 of an inch
corresponded to the thickness of the floor tile and one half the

cassette.

Thus:
d =h = 0,31" (see Exhiblt 2}

Teking into account all these factors, the total formula
used to calculate bar depth from the top of the slab was as follows:

- H(Da - Db + 0-06“) - 0031"

d
L + Da ol Db + 0006“

CIiyPDF
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This value (d) together with the recorded and observed
values for Dg, Dy, L, and H are tabulated in Exhibit 3.

Tebulated figures were carried beyond significance 1in
tables and graphs.

The horizontal location of the bars was determined
graphically by scaling a cross-section of the floor with the corre-
sponding tube and film positions (see Exhibit 5). The calculated
bar depths also appeared to be confirmed by this graphic check.

Observed vs. Calculated Depth

The observed locations of the seven reinforcing bars
which were uncovered during the coring operation are tabulated in
Exhiblt 6, which shows a comparison between the observed and
calculated locations of these bars. These indicate that the
average error in the calculated depth of the bar is plus or minus
0.25 of an inch. The standard deviation is plus or minus 0.29 of
an inch; the probable error is plus or minus 0.19 of an inch. A
gsimple correction factor of plus or minus 0.12 of an inch may be
derived from the data by averaging the difference between the
caleulated and the observed depths, or these differences may be
treated by method of least squares to produce a correction factor
which is a function of the calculated bar depth. This factor, as
graphed in Exhiblt 7, indicates the magnitude and direction of the
correction with depth and the probable error of the corrected
depth.

The validity of applying any correction factor based on
eight observations is questionable. The accuracy of the bar depths,
as observed during the coring operation, may not be greater than
0.1 of an inch because of the irregularities of the bar and slab
surface.

CHirPD
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V. CONCLUSIONS

Use of Radlography

Radiography offers a useful but time consuming method of
determining the position of reinforcing bars Iin concrete
floors eight inches thick or thinner. The precision of
the determination is largely dependent on the experience
of the operators and the amount of time spent in prepara-
tion before the x-ray exposures are made.

Bar Positions

The depth and horizontal location of 369 No. 6 reinforcing
bars were calculated and graphed from the x~-ray photographs.
Our information indicates that the two outer layers of steel
should be 3/L" from the slab surfaces; and the two inner
layers are tied to the outer layers. The permitted depth
variation, as per verbal information supplied, 1s t F inch.
Accordingly, the bar centers of the top layers should not

be deeper than 1 3/8 inches or 2 1/8 inches, nor can the
bar centers of the bobttom layers be shallower than 5 5/8
inches or I 7/8 inches.

After taking into account the correction factor and
standard deviation of the calculated bar depths (see
Exhibits 6 and 7), 96 bars appear to be positioned out-
s1de of these limits. These are tabulated in Exhibit 8.
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VIIT. APPENDIX

Double Exposure Technique

Application of Correction Factors

Tabulated X-Ray Data (Sheets 1 through 23)
X-Ray Layout of 3rd Floor

cross Seetion of 3rd Floor (Sheets 1 through 16)

Table of Calculated and Observed Depths of
Exposed Bars

Graph of Correction Factor Derived from
Exposed Bars

Table of Bars not within Specified Position
Limits (Sheets 1 through 5)
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By law of similar triangles
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therefore
h _ H
(3) Z L+Z
or
HZ
4) h= =
(4) Yy bar depth
i = tube shift
H = tube plane to i

Z = image shift

Tube Position "a"\ _—Tube plane

. L
2 2

q
-
N
K S

DOUBLE EXPOSURE TECHNIQUE

Cross - section illustrating tube, object and image geometry
as it was used to determine the depth of the reinforcing bar.
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Exhibit 2
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Z=(D, - Dg)+.06 \\ /
But since D is neg. direction \ // '
\
Z= D, +Dg +.06 = image shift \ /
Da = marker image to bar image \ /
on A radiographs Reinforcing Bar

Dg= marker image to bar image

on B radiographs
- Direction of Progression

APPLICATION OF CORRECTION FACTORS

erivation of the correction

This shows graphically the d
factors used in calculating the bar depth.
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Exhibit 6

~ TABLE OF CALCULATED AND OBSERVED

DEPTHS OF EXPOSED BARS

Core Bar Observed Calculated
No, No. Depth Depth (Ad)
a) 1 b) Parallel 1.59 1.95 ~0.36
Bar - -
a) 1 S6A 2.3 2.48 -0,1h
3 b) Parallel 2.53 2.55 -0.02
Bar o - -
3 )-LS 3052 303_@_ -0.2;1__
d) 1 554 4.87 lj.. 61 +0.26
2 20 5.03 e 67 +0.33
3 m 5.3L 4. 95 +0.36
¢c) Floor Thickness d) 6.95 e) 6.67 +0.,28

In calculating the correction (A d) as a linear function of the
calculated depth by means of the least square method, the best
1ine through a graph of these points such as shown in Exhibit 7

is
A d=mD+ b
where
m = (n)$Dad -€0fad 0.2l (Calculated Values)
(n¥.D? -(¢D)2
and
b =§DZed -$DEDAd . 0,73 inches
(n)40° - (4D)° B
thus

0.24D - 0.73 inches (+0.11 Standard Deviation)

ad
( 0.08 Probable Error)

a) Calculated Depths not certain on bars from #1 core.

b) Bars parallel to film line.
¢) This wvalue was discarded in accordance with Chauvenets

Criterion.
d) Approximate average length of observed cores.
e) Small correction aubtracted for thicknesa of marker under

floor.
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Exhibit 7
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Fxhibit 8

Sheet 1
4
TABLE OF BARS NOT WITHIN SPECIFIED
POSITION LIMITS
Corrected
Calculated Depth *
Section Bar # Depth Standard Deviation Limit
AA 8a L 1. 38 h.81 > },.88
20A 1.87 1.45 < 1.38
2L A 1.90 1.50 <1.38
274 1.9 1.56 < 1.38
BB 374 2.49 2.23 < 2.13
I 5A 2.60 2. 36 < 2.13
564 2.8 2.21 < 2.13
Parallel Bar 1.95 1.57 < 1.38
634 2.51 2.26 < 2.13
oC 714 li. 69 5.17 > 5,62
734 .89 Selih > 5,62
DD2 i 2.74 2.5l < 2,13
L5 3.32 3.2l < 2.13
hs 1 2.55 2.30 < 2.13
DD3 56 L.30 4.69 > L.87
61 2.93 2.77 < 2.13
65 2.51 2.26 < 2.13
—~
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Exhliblt 8

Sheet 2
a TABLE OF BARS NOT WITHIN SPECIFIED
POSITION LIMITS
Corrected

Section Bar # Calg:;iﬁed Standgigtge;iation Limit
EE 69 2.60 2.36 < 2.13
71 2,61 2.37 < 2.13

Th 2.9 2.23 < 2.13

76 2.143 2.15 < 2.13

78 2.72 2.51 < 2,13

79 2.66 2.4 < 2,13

81 2.7 2,20 < 2,13

83 2.8) 2.67 < 2,13

85 2.83 2,66 < 2.13

87 3.25 3.18 < 2,13

89 3.38 3.33 < 2.13

90 2.52 2.27 < 2.13

91 h.15 b7 > 4.87

92 3.90 3.97 < 2.13

Sl 3,81 3.86 < 2.13

96 3.95 L.ol < 2.13

98 3.87 3.93 < 2.13
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Exhibit 8

Sheet 3
a TABLE OF BARS NOT WITHIN SPECIFIED
POSITION LIMITS
Corrected
Section  Bar # Calggéiﬁed Standgigtge:iation Limit
FF 99 1.87 1.45 < 1,38
100 2.61 2.37 < 1.38
103 2,28 1.98 < 1.38
105 2,06 1.69 < 1.38
108 1.8] 1.43 < 1.38
GG 132 2,43 2.15 < 2.13
134 2,85 2.68 < 2,13
139 3,03 2.88 < 2,13
10 2.99 2.8l < 2.13
13 3.19 3.09 < 2.13
17 2.80 2.61 < 2,13
148 2.89 2.73 < 2,13
HH 150 2,78 2,58 < 2.13
152 2,80 2,61 < 2,13
15l 2.75 2,55 < 2,13
155 2.78 2,58 < 2.13
159 2.89 2.73 < 2,13
161 2.82 2.6l < 2,13
T,
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Exhibit 8

Sheet L
Y TABLE OF BARS NOT WITHIN SPECIFIED
POSITION LIMITS
Corrected
Section  Bar # Galgggiﬁed Standaggpggvzation Limit
HH 163 3.91 3.98 < 2.13
165 3.05 2.91 < 2.13
167 3.07 2.93 < 2.13
169 3.01 2.86 < 2.13
171 2.75 2.55 < 2,13
173 2.50 2.2 < 2.13
II 176 4. 09 L.hl > 5.62
189 1.86 1.l < 1.38
191 1.93 1.55 < 1,38
198 1.81 140 < 1.38
200 1.87 1.45 < 1.38
Jd 201 2.88 2.71 < 2.13
202 2.59 2.35 < 2,13
20l 2.69 2,48 < 2,13
206 2.58 2.3l < 2,13
208 3.25 3.18 < 2.13
210 2.99 2.8 < 2,13
215 2.75 2.55 < 2413
217 2.66 2.0 < 2,13
221 2.7h 2.54 < 2,13
S 223 2,147 2.20 < 2.13
22l 2,71 2.50 < 2.13
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Exhibit 8

Sheet 5
& TARLE OF BARS NOT WITHIN SPECIFIED
POSITION LIMITS
Corrected.
Section  Bar # Calggé%ﬁed Standaggpgzv;ation Limit
KX 226 1.92 1.8 < 1.38
228 1.83 1.42 < 1.38
236 2.02 1.64 < 1,38
237 1.80 1.49 < 1.38
2l2 1.92 1.54 < 1.38
LL 253 2.97 2.82 < 2.13
255 2.75 2.55 < 2.13
257 2.7k 2.5 < 2.13
259 2.56 2.31 < 2.13
260 2.47 2.20 < 2,13
262 2.5 2.29 < 2.13
26l 2.3 2.15 < 2,13
266 2.43 2.15 < 2.13
268 2.65 2.42 < 2.13
269 2.60 2.36 < 2,13
272 2.73 2.53 < 2.13
27 2.66 2.0l < 2.13
276 2.77 2.57 < 2.13
278 2.6l 2.0 < 2,13
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